The design, synthesis and complete characterization of a smart material composed of the merocyanine open form. We were also able to provide the first example of a continuous solution based on-off switching in a spiropyran-nanotube material.
Modern technology is constantly pushing towards smaller and lighter devices, and future applications will require materials that respond to their environment in a manner that suggests a degree of "intelligence". In this context, robust molecular sensors that can detect changes in their environment with a high degree of selectivity and sensitivity represent important building blocks of target-oriented smart materials. In order to reduce manufacturing costs and to increase versatility, a modular system comprising a scaffolding with appropriate physical properties, and molecular building blocks that can be readily interchanged to meet specific performance parameters, offer considerable promise that may lead to nanosized devices that are truly multi-tasking and targetoriented.
Single walled carbon nanotubes (SWCNTs) [1, 2] were chosen as the scaffolding due to their remarkable mechanical, thermal, electronic [3] [4] [5] and optical properties [6] in addition to their biocompatibility. They are also suitable as a foundation for modular materials as it has been demonstrated, in recent years, how SWCNTs can be solubilized and decorated with a range of molecules via both covalent and also by non-covalent means [7, 8] .
A remarkable class of photochromic molecular switches, known as spiropyrans (SPs), were selected for conjugation to the SWCNTs scaffold. These were specifically chosen as they have shown the ability to undergo reversible conformational transformations in response to light [9] , pH [10] , change in the environment such as solvent polarity and various ligands [11, 12] . The tremendous versatility of this class of compounds and in particular their fast stimuli responsiveness and high sensitivities [13] makes them legitimate candidates for applications in nanoelectronics. Among the class of molecular 4 switches, spiropyrans have been probably the most extensively studied over the past several decades owing to the profitable applications they could be used for. Already in his early work Hirshberg envisaged the suitability of such compounds as photochemical erasable memory [14] . Furthermore, optical molecular switches have attracted much attention as a result of their potential use in optical data storage and digital processing [9] , sensing [15] and photoregenerable surface modifications [13] . The preparation of integrated nanomaterials where switchable molecular units are coupled to SWCNTs has received some interest recently [16] [17] [18] [19] , with Haddon and co-workers initially demonstrating the possibility of photo-inducing electronic transitions in semiconducting nanotubes [16] .
Materials of this type are likely to display considerable chemical and structural complexity and it is therefore imperative that we develop comprehensive protocols for reliable characterization in parallel with the actual design and synthesis of the materials themselves. An array of fundamentally different techniques such as thermal gravimetric analysis, FT-IR, micro-Raman, UV-Vis-NIR absorption spectroscopy and atomic force microscopy were utilized, in order to provide a complete picture of the composition and performance of a modular smart material composed of single-walled nanotubes (acting as the scaffolding) functionalized with spiropyran-based photo switchable molecules (which provide the 'intelligence'). In addition, we also demonstrate the first example of a continuous solution based on-off switching in such a system. 
Experimental Methods

Preparation of o-SWCNT (1).
HiPco pristine SWCNTs (Unidym ® lot R0546)
were weighted (100 mg) and dispersed in 100 mL aqueous solution of HNO 3 (2.6 M).
The dispersion was stirred under reflux at 100 °C for 48 h. After cooling down to room temperature the dispersion was filtered through a Millipore system (on a 0.2 µm Isopore filter) and the black solid powder collected on the filter was rinsed with distilled water (until the pH value of the filtrate was neutral) and dried overnight at 60 °C under vacuum.
The purified nanotubes were subsequently dispersed in distilled water, sonicated for 10 min and treated with 100 mL of piranha solution (H 2 SO 4 conc · H 2 O 2 (30%) at a 4:1 ratio) and the mixture was stirred at 35 °C for one hour. After cooling down to room temperature the mixture was diluted with ice and filtered through a Millipore system (on a 0.2 µm Isopore filter) and the residue rinsed with distilled water (~ 500 mL) until the pH of the filtrate was neutral. 
Preparation of f-SWCNTs (3)
.
Preparation of SP (4)
The spiropyran 
Characterization.
All TGA analyses were performed on a PerkinElmer Thermogravimetric Analyzer Pyris 1 TGA. The method used for performing TGA measurements both in air and nitrogen is as follows: 5 minute isothermal step at 30 °C (to equilibrate the sample); heat from 30 °C to 100 °C at a rate of 10 °C min -1 ; 20 minute isothermal step at 100 °C (to ensure evaporation of the solvents); heat from 100 °C to 900
°C at a rate of 10 °C min.
All the FT-IR spectra were measured in the solid state on a PerkinElmer FT-IR Spectrometer Spectrum 100 with a universal ATR sampling accessory (diamond/ZnSe crystal). The spectra were recorded at 256 scans with a 4 cm -1 resolution.
Micro-Raman scattering measurements were carried out at room temperature in the backscattering geometry using RENISHAW 1000 micro-Raman system equipped with a CCD camera and a Leica microscope. An 1800 lines mm Raman mapping measurements were collected at room temperature using RENISHAW in-Via Raman system coupled with CCD camera. Samples were deposited on glass cover slides No 1. The laser spot was focused on the sample surface using a 100x oil immersion objective (N.A. = 1.4). As excitation source laser at 488 nm with 9 mW power was used.
An 1800 lines mm -1 grating was used, providing a spectral resolution of ~ 1 cm Samples were illuminated by using a portable UVP ultraviolet lamp equipped with a combination of shortwave (254 nm)/longwave (365 nm) and a Schott KL 1500 LCD Visible lamp (560-900 nm).
AFM topographic images were collected in semi-contact mode with an NT-MDT inverted configuration system. Silicon tips with reflectance gold coated on the back, tip apex radius 10 nm, force constant 2 N/m and frequency 170 kHz were used. The data were collected and analyzed with NT-MDT Nova software. Samples were prepared for analysis by dispersing the nanotubes in high purity DMF by sonication and spin coating on mica substrates.
Results and Discussion
Purification, oxidation and covalent functionalization of SWCNTs with
Spiropyrans. Purified and oxidized (o-SWCNTs (1)) single walled carbon nanotubes were obtained by reaction of raw HiPco SWCNTs with nitric acid followed by a strong oxidation treatment with piranha solution using a reported protocol [21, 22] (Fig. 1 ). (5)).
The purification step leads to the formation of open ends as well as defect sites on the SWCNTs surface. The oxidation step is applied to homogenize and reduce the dimensional dispersion of p-SWCNTs, and to obtain SWCNTs enriched with -COOH functional groups at the end caps which are the most reactive regions in the SWCNT structure [23] [24] [25] . The covalent functionalization of o-SWCNTs (1) was performed using 12 an amide coupling procedure in which an amine terminated short chain polyethylene glycol (PEG) linker was introduced onto the SWCNTs in order to increase the dispersibility. To ensure single ended chain attachment, one of the two amino groups was first protected using a tert-butoxycarbonyl (Boc) moiety (Fig. 1, (2) ). Following removal of the Boc protecting group using triflouroacetic acid, spiropyran (4) was converted to an activated ester using NHS and EDC·HCl. A coupling procedure was again used to afford the spiropyran functionalized nanotubes f-SWCNTs (5). The number of amine groups that reacted with the SP derivatives was estimated at 59% by Kaiser test [26] (Fig. S1 in the S.I.). 
Characterization of chemically modified
Thermogravimetric analysis.
Thermogravimetric analysis has been used to evaluate the purity and degree of functionalization of the raw, oxidized (1) and functionalized SWCNTs (5) (Fig. 2 and S2 ). It should be noted that all non-reacted reagents were removed by careful washing after each chemical treatment. The TGA of the oxidized (1) and functionalized SWCNTs (5) performed in air show a weight loss of about 20% at 400 ºC and 30% at 450 ºC, respectively, as compared to about only 7% at 350 ºC of the raw SWCNTs. We assume that this weight loss occurring during fragmentation is due to pyrolysis of the hydrogenated carbon residues. On the basis of this assumption, we estimated that the degree of functionalization is of one organic functional group every 15 and 116 carbon atoms respectively. In order to evaluate the amount of impurities present on the SWCNTs the residue remaining at 900 ºC was taken into account. It is reduced from 25% in the raw nanotubes to 0% in our functionalized samples, confirming the success of the purification procedure as shown in Figure 2B . To determine whether covalent functionalization was achieved the first derivative curves from the TGA analysis have been evaluated (Fig. 3A) 14 maxima between the raw HiPco SWCNTs, the o-SWCNTs (1) and the f-SWCNTs (5) below the graphitic decomposition temperatures. to the raw HiPco SWCNTs, as purification and doping processes introduce holes into the valence band of the SWCNTs that lead to an increase in the IR absorption bands (Fig. S3 in the S.I.) [5] . ) -1 are clearly evident (Fig. 4B III) , indicating the presence of the spiropyran molecule on the material. (1) and (III) f-SWCNTs (5). In the insets the RBM analyses are reported.
FT-IR
Micro-Raman
The most significant spectral features observable are: 1) the radial breathing mode (RBM) band (100-400 cm -1 ) that corresponds to the radial vibration of the carbon atoms in phase [30] ; 2) the D-band (1300-1400 cm -1 ), also called the "disorder" band, that is the 2D-band (2600-2800 cm -1 ) which is the overtone of the D-band that is a fingerprint of the graphitic structure [33] . We took into consideration the I D /I G ratio as an indirect measure of the degree of functionalization [8, 23, 29] .
It is clearly evident from observed. This is most likely due to removal of the carboxylated carbonaceous fragments (CCFs) [34, 35] during chemical treatment and the subsequent stringent washing procedure employing a range of organic solvents.
Raman mapping.
Raman mapping measurements were performed at room temperature on the SP f-SWCNTs (5) (Fig. 6 ). The presence of functionalities bound to the tubes was confirmed after single Raman measurements with high exposure time in the different mapped areas. Some typical vibrations of the functional groups introduced on the tubes were recorded in the range from 300 to 1100 cm -1 and are reported in Fig. 7 . 
UV-Vis-NIR Absorbance Spectroscopy.
Optical absorption spectroscopy have been used to evaluate the successful covalent functionalization of the nanotubes by analysis of the electronic structure changes [5, 36] . UV-Vis-NIR absorption spectra of On comparison of the UV-Vis absorption spectra of the o-SWCNTs (1) and f-SWCNTs (5) a peak is clearly observable at 417 nm in the latter, corresponding to the bound spiropyran (6) (Fig. S7 in the S.I.). This absorption band is shifted with respect to molecular spiropyran (6) in solution, which is regarded as stemming from π−π interactions between the spiropyran and the graphitic nanotube surface. This is similar to shifts reported for merocyanines bound to bulk materials [38] .
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The photoresponsiveness of f-SWCNTs (5) in solution was demonstrated by measuring the optical changes that occurred after UV and Vis light irradiations. Fig. 9A illustrates the nature of such changes before and after UV illumination. 
